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耐久性資料。美國 FDA 測試準則（Version 4.1,
1994），規定機械心瓣需經過 6 億次（相當於活




速測試時，一般達到每分鐘 600 至 1500 次，比正










Accelerated testing of prosthetic heart valves
allows us to simulate the wear and fatigue sustained
by the valves and to evaluate their lifetime in the
human body. Within a relatively short amount of
time, we can obtain substantial amounts of data
about the valve durability after repeated cycles of
opening and closing. The American Food and Drug
Administration (FDA) Replacement Heart Valve
Guidance (Version 4.1, 1994) requires that
mechanical heart valves must undergo 600 million
cycles (equivalent to 15 years in vivo) of accelerated
testing, while biological prostheses must simulate
200 million cycles (equivalent to 5 years). In
addition, the transvalvular pressure difference must
be at least 100 mmHg. However, the results
obtained under these conditions may not accurately
reflect the valve performance in vivo. With
accelerated testing, the simulated heart rate ranges
from 600 to 1500 beats per minute, which is 10 to
20 times the normal frequency. If the transvalvular
pressure is maintained at the physiological value of
100 mmHg under such high frequencies, the inertial
forces sustained by the prosthetic valves will
increase non-linearly with the frequency. This
places excess loading force on the valves and
artificially accelerates their wear and fatigue.
Consequently, the results inaccurately reflect a
lower performance and decreased durability of the
valves in vivo. This study is to devise an accelerated
tester with an intricate design and reasonable
parameters to simulate physiological conditions
under accelerated testing without creating these
excess forces and to predict accurately the durability
of prosthetic heart valves.
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實際壽命之互相矛盾現象(Reul and Potthast, 2000;
Iwasaki et al., 2002)，(2)在不同裝置上對同一瓣膜
進行疲勞試驗所得到的結果也有很大的差異














































Hall(MH) 27 mm 機械心瓣。MH 心瓣安裝於心瓣
座上，以不鏽鋼螺栓將心瓣座與力傳感器緊密接
觸，使用解析度達 0.1N-m 扭力起子，平均鎖緊螺
栓，施予 2.88 KN 的預力(preload)於力傳感器，在
力傳感器上，同時將力傳感器及心瓣座裝置於僧
帽瓣位置。心瓣座上緣安裝電磁流量計，記錄通










與 140 bpm，相對應之流量則為 2、5、6 、7.5 與
8.5 L/min；左心室的壓力維持在 120 mmHg，主動
脈平均脈動壓 100 mmHg，左心房之壓力維持在 7
mmHg。實驗中量測瓣載、壓力與回流量之大小。
實驗 2（固定流量）：
測試之心率為 70、90、120 與 140 bpm，固
定心輸出量為 5 L/min，其餘條件與實驗 1 相同，
進行瓣載、壓力與回流量之量測。
實驗 3（固定回流量）：












































上( 3000 bpm)，最大移動行程為 50 mm，推力
為 20 Kgf。正常生理下人工心瓣回流量體積約



















Force Ring)，壓力採用 Millar 壓力計(Millar
Mikro-Tip SPC 340 及 320 )，流量量測使用電
磁式血流量計(Carolina Medics Electronics,










Fig. 4 為典型心率在 70 beats/min，相對應之





















果顯示在 40 bpm 關閉瞬間的瓣載為 29 N，瓣載
亦而增加隨心率的增加而增加。在 140 bpm，為
57N，關閉瞬間相位左心室壓力也會增加，增加
的範圍從約 84mmHg 增加至 216mmHg，而回流
量之峰值亦增加，增加的範圍從約 7.3 L/min 增加
至 13.7 L/min。






與 Fig. 5a 相比較，瓣載、左心室壓力與流量間之





















































波有濾波及衰減作用。Chandran et al.(1996) 在生





















端 2 mm 測點，70 bpm 測試頻率左心室的 Pcmax
為 279 mmHg，當加速至 840 bpm，Pcmax升高至
848 mmHg。同樣在遠端 30 mm 測點，70 bpm 測
試頻率Pcmax為 88 mmHg，當加速至 840 bpm，Pcmax
升高至 525 mmHg。
在發生 Pcmax同時也發生最大心瓣負載，其值
隨加速頻率增加而遞增，在 70 bpm 為 38 N，當
加速至 840 bpm 增加到 102 N。相對應最大心瓣
負載發生相位的回流峰值，亦隨加速頻率增加而
遞增趨勢，在 70 bpm 為 9.7 L/min，當加速至 840




加速台 70 bpm 實驗中，水錘波傳速度約為 233
m/s，水錘波傳速度隨加速頻率增加而遞增，當加













2.57 mm，左心房壓 7.8mmHg，加速頻率為 600
bpm 測試環境下，順容器單元的空氣腔體積(Va)
變化從 30 ml 到 430 ml。從經濟角度，加速台之
加速速率設計，至少要為為正常生理狀況下心博
70bpm 一個量級以上，相對可以節省測試時間一
個量級，因此心博率 600 bpm 符合此設計原則。







在此瞬間附近。當 Va 在 30 ml 時，心瓣關閉發生




統計平均結果如 Fig. 11 所示。Psmax在 Va 為 30
ml，最高值 120 mmHg，隨 Va 體積增加，Psmax
呈現指數衰減。當繼續增加Va 體積，Va 為 430 ml
時，其 Psmax約為 9.41 mmHg，已非常接近左心房
壓 7.8mmHg，往後再繼續增加 Va 體積，有部分
心瓣將接觸到空氣。
在 Va 為 30 ml，Psmax符合 USFDA 跨瓣壓差
120 mmHg 的規定，然而其關閉最大心瓣負載為
59 N，回流量峰值為 13.7 L/min，大於在心博 70
bpm、心輸出量 5 L/min 條件下的生理模擬台結
果，最大關閉負載 36 N，回流量峰值 8.8 L/min。
本研究結果顯示，Va 在 80 ml，心瓣關閉負
載、回流量峰值發生最大值分佈。其回流量峰值
為 15.6 L/min，最大關閉負載 67 N。當 Va 小於
80 ml 時，心瓣關閉負載與回流量峰值均隨著 Va
體積的增加而遞增，Va 大於 80 ml 時，心瓣關閉
負載與回流量峰值呈現相反趨勢。Va 類似機械彈


















12) ，兩者存在很好相關性，由順容器 Va 體積
190 ml 為分界點，可將數據整理成兩條不同線性
回歸曲線。水錘波傳速度並非在加速台維持定
值，與順容器 Va 體積有關聯，但大致可分成 250
m/s 與 220 m/s 兩個區段，當 Va 體積變化從 30 ml
到 190 ml 時，水錘波傳速度約為 250 m/s，與生
理台模型的波傳速度相近。當 Va 體積變化從 230





以生理模擬台(心博 70 bpm、心輸出量 5
L/min) 回流量峰值 8.8 L/min 做為加速台調製參
考依據，則順容器 Va 體積調製約為 350 ml，其
關閉負載為 32 N，稍小於生理模擬台的 36 N 關閉
負載，其差異原因為兩者波傳速度不同，加速台







果與 Xi et al. (1995) 及 Reul et al. (1996)相同，心
瓣負載隨加速頻率增加而增加。當加速率為 840
bpm，此關閉負載遠大於生理模擬台最大關閉負






















減，及相位延遲。Reul and Potthast (1998)在自行
設計單一心瓣加速台採用與本研究相同的綜合力
方法量測心瓣關閉瓣載，其作用力峰值隨測試頻
率增加而增加，在 200 bpm 約為 45 N，當加速至
800 bpm 增加到 60 N，最高加速測試速度為 2000
bpm，相對應瓣載受力達 80 N。然而其值仍小於
在生理模擬台最大值 110 N。以上測試條件，雖













































用性，並擬提供 USFDA 及 ISO 等作為法規
修訂參考依據。


























50 週年慶研討會上( American Society for
Artificial Internal Organs 50th Anniversary
Conference Washington DC June 17-19, 2004)發表
（Liu et al., 2004）
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Table 1: Comparison of conditions for accelerated heart
valve fatigue testing as given in three international
standards (ISO, CEN, FDA)
Table 2: Test conditions of the physiologic experiments
Medtronic Hall Disc 27mm Valve
















9 KPa (67.5 mmHg) aortic
12 KPa (90 mmHg) mitral
(a) Pressure difference
across closed valve:
90 + 20 / -0 mmHg aortic
120 + 20 / -0 mmHg mitral
(b) Full opening and
closing
(b) Full opening and
closing
(b) Full opening and
closing
(c) Objective evaluation of
opening and closing action
(c) Objective evaluation of
opening and closing action
Test cycle
number
1. 380 Mill. (all types) 2. 380 Mill. (mechanical
& polymeric)
3. 200 Mill. (Biological)
4. 600 Mill. (mechanical)
5. 200 Mill. (all tissue)
Test condition Case 1 Case 2 Case 3
HR (bpm) 40, 70, 90, 120, 140 70,90,120,140 70,90,120,140
CO (L/min) 2.0, 5.0, 6, 7.5, 8.5 5 X
PLV (bpm)* 120 120 X


















A Aort ic Valve Prosthesis M Mitral Valve Prosthesis
AR Aort ic Root M1 Monito r
CC Charac terist ic Compliance MPT Mil la r Pressu re Transducer
CR Charac terist ic Resistance P Piston
EMM Electromagnet ic Moto r PA Aort ic Pressu re Probe
EF Elec tromagnet ic Flowmeter PC Periphera l Compliance
LA Left Atrial Chamber PR Peripheral Resistance
LW Load Washer RO Rotometer
TC Valve Test Chamber VR Variab le Resistance




8Fig. 2 Assembly of load washer and electromagnetic
flowmeter (EM).
Fig. 3 Schematic diagram of the accelerated testing (AT)
loop.
Fig. 4 Typical PMFL waveforms of left ventricular
pressure (PLV ), loading force and flow on MH MHV at 70
bpm. Local PLV and loading force at instantaneous closure
phase are shown on right side
Fig. 5 Pcmax, Loading force and | Qc |max measured for a
MH 27mm MHV in different control references on (a) the
pressure difference of 120 mmHg for the normal cardiac
outputs（b）the pressure difference of 120 mmHg for a
fixed cardiac output of 5 L/min（c） fixed the peak
backflow | Qc |max of 8.8 L/min as obtained from the

















CCD: High Speed Camera
DS: Displacement Sensor
EF: Electromagnic FlowMeter
EMM: Elect romagnetic Motor
LW: Load Washer
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9Fig. 6 The loading force as a function of maximum
backflow(│Qcmax│) measured for a MH 27mm MHV in
different control references of PMFL testing.
Fig. 7 Typical AT waveforms of PLV, loading force and
flow on the MH valve at 300 bpm with the compliance
volume 50cc. (PT=2 mm, PT=30 mm: pressure tapes at 2
mm and 30 mm from the occluder surface of the MH
valve)
Fig. 8 Maximum closure pressures (Pcmax) at valve closure,
peak loading forces and maximum backflow│Qc│max at a
fixed pressure of 120 mmHg (USFDA-condition) at AT
experiment and testing pulse rates were from 70 bpm to
840 bpm with the fixed compliance volume 50cc.
Fig. 9 Loading force as a function of maximum backflow
│Qc│max at AT experiment and testing pulse rates were
from 70 bpm to 840 bpm with the fixed compliance
volume 50cc.
Fig. 10 Typical AT loop waveforms of left ventricular
pressure (PLV ), loading force, flow and stroke in different
compliance volume (CV) (a) 30 ml, (b) 190 ml, and (c)
350ml at 600 bpm.
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(a) CV = 30 (b) CV =190 ml (c) CV = 350
ml
10
Fig. 11 Peak systolic pressure(Psmax) ,maximum closure
pressures (Pcmax) and peak loading forces and peak
backflow │Qc│max with different compliance volume
controlled at a fixed stroke and heart rates of 600 bpm.
Fig. 12 The loading force as a function of maximum
backflow (│Qc│max) at 600 bpm in different compliance
volume of AT loop testing. Linear fitting1: the
compliance volume was increased from 30 to 190 ml,
Linear fitting2: the compliance volume was increased
from 230 to 350 ml.
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